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The singlet—triplet energy difference in CH, and SiH, was calculated at the CASSCF level
of theory using large Gaussian basis sets that included f-type functions. The total energy
was separated into nuclear repulsion and electronic energy, and the latter was further
decomposed into the contributions coming from the two electrons highest in energy (the
“frontier” electrons, denoted by “f”) and from all the other electrons (denoted by “c” for “core”).
The contribution of the frontier electrons was further decomposed into the following terms:
E®, which is the sum of the kinetic energy and the attraction energy to the nucleus of the
two frontier electrons and their repulsion energy from all other electrons, and Eg(", the
repulsion energy between the two frontier electrons. The results are used to explain why
CH; is a ground state triplet (lying ca. 10 kcal/mol lower in energy than the singlet) while
SiH; is a ground state singlet (with the triplet lying ca. 20 kcal/mol higher in energy). The
major conclusions are as follows: (1) In addition to the frontier electrons, the “core” electrons
and the nuclear repulsion energy also affect the singlet—triplet gap. (2) About 60% of the
singlet—triplet energy difference between CH, and SiH; of 29 kcal/mol may be attributed to
the Ee.? term. (3) The remaining 40% of the energy difference can be interpreted as resulting
from a balance between E®, the energy of the “core” electrons (E®), and the nuclear repulsion
energy (Eny); these terms may be related to the HOMO—-LUMO energy difference, which is
often used in qualitative discussions of singlet—triplet energy gaps. A detailed discussion of

the results is presented.

Introduction

There has been an upsurge of interest in the last two
decades in organosilicon! and organogermanium? chem-
istry, interest which is still growing. Silylenes, R,Si,?
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1989. (b) The Chemistry of Organic Silicon Compounds Vol. 2;
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in ref 1b. (b) Gaspar, P. P. In Reactive Intermediates; Jones, M., Moss,
R. A, Eds.; Wiley: New York, 1985; Vol. 3, Chapter 9. See also previous
volumes of this series. (c) Tokitoh, N.; Okazaki, R. Coord. Chem. Rev.
2000, 210, 251. (d) Haaf, M.; Schmedake, T. A.; West, R. Acc. Chem.
Res. 2000, 33, 704. (e) Theory: Apeloig, Y., Chapter 2, pp 167—184, in
ref 1a. (f) Karni, M.; Kapp, J.; Schleyer, P. v. R.; Apeloig, Y., Chapter
1, p 1 inref 1c. (g) Ganzer, I.; Hartmann, M.; Frenking, Chapter 3 in
ref 2e.

10.1021/0m0302591 CCC: $25.00

and germylenes, R,Ge,* are among the most important
reactive intermediates in these fields, and their chem-
istry has therefore attracted considerable atten-
tion .34

In all MH, species with six valence electrons the
singlet state has two electrons in an orbital of g-sym-
metry (ai). In the triplet state this electron pair is
unpaired and one electron resides in an orbital of
m-symmetry (b;). A major difference between silylene
and germylene on one hand, and methylene—the iso-
electronic lowest congener—on the other, is the multi-
plicity of their ground states. Methylene is a ground
state triplet with the singlet lying 9.0 kcal/mol higher
in energy,® while both SiH,%%7 and GeHy* are ground

(4) (a) Reference 2a, pp 478—490. (b) Nefedov, O. M.; Kolensnikov,
S. P.; loffe, A. I. Organomet. Chem. Lib. 1977, 5, 181. (c) Satgé, J. Chem.
Heterocycl. Compd. 1999, 35, 1013. See also refs 3c,f,g.

(5) (a) For a general review see: Wentrup, C. Neutral Reactive
Molecules; Wiley: New York, 1984. Experiments: (b) McKeller, A. R.
W.; Bunker, P. R.; Sears, T. J.; Evenson, K. M.; Saykally, R. J.;
Langhoff, S. R. J. Chem. Phys. 1983, 79, 5251. (c) Sears, T. J.; Bunker,
P. R. J. Chem. Phys 1983, 79, 5265. (d) Bunker, P. R.; Jensen, P;
Kraemer, W. P.; Beardsworth, R. J. Chem. Phys. 1986, 85, 3724. (d)
Jensen, P.; Bunker, P. R. J. Chem. Phys. 1988, 89, 1327. Theory: (e)
Yamaguchi, Y.; Sherrill, C. D.; Schaefer, H. F., 111. J. Phys. Chem. 1996,
100, 7911, and references therein. (f) Slipchenko, L. V.; Krylov, A. I.
J. Chem. Phys. 2002, 117, 4696.

(6) Experimental determinations of AEst in SiH,: (a) Kasden, A,;
Herbst, E.; Lineberger, W. C. J. Chem. Phys. 1975, 62, 541. (b)
Berkowitz, J. L.; Green, J. P.; Cho, H.; Ruscic, R. J. Chem. Phys. 1987,
86, 1235.
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state singlets, with the 3B; triplet state lying signifi-
cantly higher in energy. This reversal in the multiplicity
of the ground state on going from methylene to its
heavier homologues has a marked effect on the chem-
istry of these species in comparison with the chemistry
of methylenes.34
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The *A;—3B; energy difference (AEst) in SiH, was first
estimated to be less than 14 kcal/mol,%® but recent
experiments have found higher values, either 21.0 or
18.0 kcal/mol.®® Accurate calculations, carried out by
Balasubramanian and McLean’? using the same level
of theory as used in highly accurate calculations done
for methylene (a triple-{+d+f basis set and extensive
MCSCF corrections for electron correlation), predicted
a singlet—triplet splitting in SiH, of 21.0 kcal/mol.”
More recent high-level calculations (at CASSCF SOCI7
and SF OD (spin-flip approach)>f predicted a singlet—
triplet gap of 20 kcal/mol. Experimental determination
of the 1A;—3B; splitting in germylene is to the best of
our knowledge not available, but high-level ab initio
calculations similar to those used for silylene place it
at ca. 23—24 kcal/mol .8 It is interesting that the 1A;—
3B, splitting calculated for SnH; is very similar, i.e., 23
kcal/mol .8b:n.9

The quite surprising reversal in the ground state
multiplicity on going from CH; to SiH, and GeH, was
rationalized previously in terms of simple qualitative
arguments based on the HOMO—-LUMO gap,1°-12 as
follows.

(7) Theoretical calculations of AEst in SiH,: (a) Balasubramanian,
K.; McLean, A. D. J. Chem. Phys. 1986, 85, 5117. (b) Shin, K. S,;
Goddard, W. A.; Beauchamp, J. L. J. Chem. Phys. 1990, 93, 4986. (c)
Langlois, R. P.; Muller, R. P.; Coley, T. R.; Goddard, W. A., IlI;
Ringalda, M. N.; Won, Y.; Freiser, R. A. J. Chem. Phys. 1990, 92, 7488.
(d) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, J. A. J.
Chem. Phys. 1991, 94, 7221. (e) Curtiss, L. A.; Carpenter, J. E.;
Raghavachari, K.; Pople, J. A. 3. Chem. Phys. 1992, 96, 9030. (f) Sax,
A. F.; Kalcher, J. J. Mol. Struct. 1992, 253, 287. (g) Grev, R. S.;
Schaefer, H. F., 111. J. Chem. Phys. 1992, 97, 8389. (h) Yamaguchi, Y.;
Van Huis, T. J.; Sherrill, C. D.; Schaefer, H. F., l1l. Theor. Chem. Acc.
1997, 97, 341. (i) Van Huis, T. J.; Yamaguchi, Y.; Sherrill, C. D
Schaefer, H. F., I11. J. Phys. Chem. 1997, 101, 6955. (j) Stefens, J. C.;
Yamaguchi, Y.; Sherrill, C. D.; Schaefer, H. F., 111. J. Phys. Chem. 1998,
102, 3999. (k) Reference 5f. (I) For a list of earlier references, most of
which give a 'A; — 3B; energy differences in the range of 17—20 kcal/
mol, see ref 3c.

(8) (a) Grev, R. S.; Schaefer, H. F., IlI; Baines, K. M. 3. Am. Chem.
Soc. 1990, 112, 9458. (b) Balasubramanian, K. J. Chem. Phys. 1988,
89, 5731. (c) Petterson, L. G. M.; Siegbahn, P. E. M. J. Chem. Phys.
1986, 105, 355. (d) Buenker, R. J.; Phillips, R. A.; Beardsworth, R.;
Bunker, P. R.; Jensen, P.; Kreamer, W. P. Chem. Phys. Lett. 1985, 118,
60. (e) Barthelat, J. C.; Roch, B. S.; Trinquier, G.; Satge, J. J. Am.
Chem. Soc. 1980, 102, 4080. (f) Olbrich, G. Chem. Phys. Lett. 1980,
73, 110. (g) Selmani, A.; Salahub, D. R. J. Chem. Phys. 1988, 89, 1592.
(h) Dyall. J. Chem. Phys. 1992, 96, 1210.

(9) Balasubramanian, K. Chem. Phys. Lett. 1986, 127, 585.

(10) (a) Luke, B. T.; Pople, J. A.; Krogh Jespersen, M. B.; Apeloig,
Y.; Chandrasekhar, J.; Schleyer, P. v. R. 3. Am. Chem. Soc. 1986, 108,
260. (b) Luke, B. T.; Pople, J. A.; Krogh-Jespersen, M. B.; Apeloig, Y.;
Karni, M.; Chandrasekhar, J.; Schleyer, P. v. R. J. Am. Chem. Soc.
1986, 108, 270.

(11) (a) Gimarc, M. Molecular Structure and Bonding; Academic
Press: New York, 1979. (b) Albright, T. A.; Burdett, J. K.; Whangbo,
M. H. Orbital Interactions in Chemistry; Wiley: New York, 1985.

(12) For discussions on the effect of the relative electronegativity
of the central atom M and its ligands on the singlet—triplet energy
gap and on the preferred ground state multiplicity see: (a) Harrison,
J. F.; Liedtke, R. C.; Liebman, J. F. J. Am. Chem. Soc. 1979, 101, 7162.
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Organometallics, Vol. 22, No. 16, 2003 3251

D
@(&f} 2b,

3ay

Energy

O
N e
B .

1a4

Figure 1. Schematic drawing of the molecular orbitals of
MH; (M = C, Si) molecules.
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Figure 2. Energy change in the 1z, and 204 orbitals of
MH, (M = C, Si) on going from a linear to a bent geometry.

The HOMO—-LUMO gap is larger in SiH, than in
CH.. For SiH,; the HOMO—-LUMO gap (as calculated
for the triplet states) is 52 kcal/mol, significantly larger
than that for CH, (27 kcal/mol).1%2 For SiH, the energy
gained in forming a triplet configuration is not enough
to compensate for the large HOMO—LUMO energy sep-
aration. Hence, SiH, favors the singlet configuration.102
However, this factor alone cannot account quantitatively
for the total observed effect.

Why is the HOMO—-LUMO gap in SiH; (or GeHy)
larger than in CH,? This can be understood in terms of
the molecular orbitals of the MH, unit,’* which are
shown schematically in Figure 1.

The key point in dictating the energy gap between
the 2a; (HOMO) and the 1b; (LUMO) orbitals is the
degree of mixing between the occupied 2a; orbital and
the empty 3a; orbital. The stronger the mixing between
these orbitals, the lower the energy of the 2a; orbital
and the higher the 2a;—1b; energy gap. The extent of
mixing between the 2a; and 3a; MOs is determined by
the energy gap between the unmixable MOs of linear
MH; to which they are related, i.e., the 1w, and 2oq4
orbitals. As 1w,y and 204 become closer together, more
mixing occurs between 2a; and 3a; and their separation
increases, thus stabilizing the 2a; orbital (Figure 2).

The relative energies of the 1wy and 204 orbitals
depend primarily on the electronegativity of M and the

71, 22. (c) Liebman, J. F.; Simons, J. In Molecular Structure and
Energetics; Liebman, J. F., Greenberg, A., Eds.; VCH Publishers: New
York, 1986; Vol. 1, p 51. (d) Frenking, G.; Koch, W. Chem. Phys. Lett.
1987, 138, 503.
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principal quantum number of the respective AO.1112 A
lower electronegativity of M and a higher principal
quantum number increase the size of the AOs and
lengthen the M—H bonds. This decreases the antibond-
ing character of the 204 orbital and thus lowers its
energy. Since lower electronegativity of M also raises
the energy of the 17,4 orbital, the energy gap between
these two MOs is reduced, causing greater mixing
between the bent forms of the 2a; and 3a; orbitals. More
effective mixing stabilizes the 2a; orbital (it also desta-
bilizes the 3a; orbital, which however is empty). As the
electronegativity of Ge and Si are lower than that of C
(2.02, 1.74, and 2.50, respectively, on the Allred—
Rochow scale!?), there is more orbital mixing in SiH;
(or GeHy) than in CH; and the 2a;—3a; energy gap is
larger in the former two. Thus, due to the lower
electronegativity of Si and Ge, the singlet state in SiH;
and GeHy; is stabilized compared to CH,. The stronger
2a;—3a; mixing and the resulting greater stabilization
of the 2a; orbital in SiH, and GeH, compared with CH,
also accounts for the smaller HMH valence angles in
the !A; states of SiH, and GeH, of 91.5° and 90.8°,
respectively, compared with that of CH, of 101.5°
(B3LYP/6-311++G** values). Experimental values where
available are similar.?

Another factor that influences the HOMO—LUMO
gap is the polarity of the M—H bond. The C—H bonds
in CH; are nearly nonpolar, but the Si—H bonds in SiH,
are strongly polarized in the direction Sit—H~ (the
Allred —Rochow electronegativity of H is 2.20). The
result is to make the HOMO—-LUMO gap greater than
it would be if the ligands and the silicon had similar
electronegativity, and therefore this effect stabilizes the
singlet state for SiH, (or GeH,) relative to CH.. In line
with this argument, for (HsSi),Si, where the bond
polarity is small, the best calculated estimates for the
singlet—triplet energy gap is 8—10 kcal/mol (depending
on the computational level),'* significantly smaller than
for SiH,. Thus, this ligand-electronegativity effect could
also contribute significantly to the difference between
SiH, (or GeHy) and CH,.12

A somewhat different rationalization for the larger
HOMO—-LUMO gap in silylene and germylene relative
to methylene is as follows: Silicon and germanium
prefer to have nonbonding electrons in atomic orbitals
with a higher percentage of s-character. For example,
Pople, Apeloig, Schleyer, and co-workers calculated that
in the 'A; state of MH; the lone pair is a hybrid orbital
with 88.8% s-character in SiH, compared with only
51.6% s-character in CH,.102:15 This effect is associated
with the difference in the expectation values for maxi-
mum radial density of the 3s and 3p orbitals for silicon
(22%), which is much greater than the corresponding
difference for the 2s and 2p orbitals of carbon (—0.2%).1¢:16
The higher s-character in the 2a; orbital of SiH, and
GeH; compared to CH;, suggests a relatively lower
energy of this orbital and a higher HOMO—-LUMO gap

(13) Allred, A. L.; Rochow, E. G. J. Inorg. Nucl. Chem. 1985, 5, 264.

(14) (a) Yoshida, M.; Tamaoki, N. Organometallics 2002, 21, 2587.
(b) Holthausen, M. C.; Koch, W.; Apeloig, Y. J. Am. Chem. Soc. 1999,
121, 2623. (c) Grev, R. S.; Schaefer, H. F., I1l; Gaspar, P. 3. Am. Chem.
Soc. 1991, 113, 5638. (d) Gordon, M. S.; Barton, D. J. Am. Chem. Soc.
1987, 109, 5948. (e) Krogh-Jespersen, K. 3. Am. Chem. Soc. 1985, 107,
537.

(15) In the 3B; states the s-orbital contribution to the in-plane o-type
singly occupied MO of SiH; is 36.2% compared to only 20.8% in CH,.10°
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in SiH, and GeHy, as observed.'? Likewise, the Ge—H
and Si—H bonds will have higher p-character than the
corresponding C—H bonds. The higher p-character in
the M—H bonds in SiH» and GeH» than in CH, accounts
for the smaller bond angles in SiH; and GeH,.3

Another qualitative argument, which surprisingly has
not been discussed before, is the electron—electron
repulsion between the paired electrons in the 2a; orbital
of the singlet species. Because of the larger size of the
lone pair orbital in SiH, and GeH, compared to CHp,
the electron—electron repulsion should be less in SiH;
and GeH; than in CHpy, favoring the singlet state for
the heavier elements.

In this paper we attempt to pinpoint quantitatively,
by using high-level correlated molecular orbital calcula-
tions, some of the factors that cause the striking
differences in the ground state multiplicities of meth-
ylene and silylene. In this analysis the total energy is
decomposed into nuclear repulsion energy and electronic
energy, and the latter is further decomposed into the
contributions coming from the two electrons highest in
energy (the frontier electrons) and all the other electrons
(“core” electrons).1” This kind of energy decomposition
at a high computational level is rare!® and not only
provides insight into the question of multiplicity in CH
and SiH, but may have wide implications for under-
standing chemical bonding generally.

Methods

The basis set employed for silicon in the SiH, calculations
is the f-basis set of Balasubramanian and McLean.’@ This basis
set is composed of a (12s9p/6s5p) contracted Gaussian set
augmented with two Gaussian six-component 3d functions
(exponents 0.56, 0.14) and a 10-component 4f function (expo-
nent 0.38). For hydrogen a (5s/3s) basis set, augmented with
a 2p function (exponent 0.75), was employed for both the SiH,
and CH, calculations. The carbon basis set for the CH,
calculations is composed of the (10s6p) primitive set of Huzi-
naga,'® contracted to (7s5p) and extended by the addition of
two sets of d functions (exponents 1.3, 0.4) and a single f-type
function (exponent 0.65).%

Wave functions were computed for the lowest lying *A; and
3B, states of silylene and methylene, and geometry optimiza-
tions were performed at the multiconfiguration SCF (MCSCF)
level of theory using the above-mentioned basis sets.

The MCSCF wave functions were of the complete active
space (CASSCF) type. The core electrons (1s22s22p*® for Si and

(16) (a) The expectation values of the maximum radial density of
the ns and np orbitals are 1.220 and 1.217 A for C (n = 2) and 1.79
and 2.18 A for Si (n = 3). Desclaux, J. P. At. Data Nucl. Data Tables
1973, 12, 311. (b) Kutzelnigg, W. Angew. Chem., Int. Ed. Engl. 1984,
23, 272.

(17) We have chosen to decompose the total electronic energy to the
energy of the two frontier electrons (denoted by the superscript “f”)
and to the energy of all other electrons (referred to as “core” electrons,
E©) in order to test quantitatively the qualitative models (discussed
in the Introduction) that attributed to the two frontier electrons a major
role in the change in multiplicities on going from CH; to SiH,. The
energy of the “core” electrons includes of course the contribution of
the electrons with a lower quantum number (i.e., the “real” core
electrons; the 1s carbon electrons in CH, and the 1s, 2s, and 2p silicon
electrons in SiHy) as well as the lower lying four valence electrons that
reside in orbitals 1a; and 1b, (Figure 1). Another possible decomposi-
tion is to separate the “real” core electrons from all valence electrons
(i.e., in CH, to separate the contribution of 1s electrons from that of
the four 2s and 2p carbon electrons), but this separation is, we believe,
less informative than the one that we have used.

(18) Darvesh, K. V.; Boyd, R. J. J. Chem. Phys. 1987, 87, 5329, and
references therein.

(19) Huzinaga, S. J. Chem. Phys. 1965, 42, 1293.

(20) Werner, H.-J.; Reinsch, E.-A. J. Chem. Phys. 1982, 76, 3151.
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1s? for C) were not correlated. The configuration spaces for
calculations on SiH; and CH, were generated by distributing
the remaining electrons (six for both SiH, and CH_) in all
possible ways into orbitals that, at large internuclear separa-
tion, are correlated into the H 1s and C 2s and 2p, and Si 3s
and 3p atomic orbitals. The CASSCF calculations were carried
out for both SiH, and CHa, in a configuration space of the 1ay,
1b,, 2a;, 1b;, 3a;, and 2b,, orbitals in Cz, symmetry. The
CASSCF wave functions included 51 configuration state
functions (CSF) for the 3B, states of SiH, and CH,, and 56
CSF were generated for the'A; states of both species. The
MCSCF calculations were carried out using the GAMESS
codes.?

Decomposition of the Electronic Energy. Molecular
orbitals 1 to 1. are doubly occupied in each case (a = 3 for
CH,, a =7 for SiHy,). Let us denote the two highest molecular
orbitals used in the calculations (the frontier orbitals) by vy,
and 1., respectively, whereb=a +landc=a + 2.

The total energies of the molecules are first separated into
the nuclear repulsion and electronic energy components. The
electronic energies of the singlet (E¢®) and the triplet (Eq®)
states are decomposed as shown in eqgs 1 and 2, respectively,!’
where the left-hand superscripts s and t denote the singlet
and triplet states, respectively:

Eel(l) =gO© 4+ SEl(f) + SEee(f) + SEee(fC) (1)
Eel(s) — E(C) + tEl(f) + tEee(f) + tEee(fC) (2)
where
a a—1
E€ = (2hsi + ) + 2 z (2yi; — 0y) ()
i= (]
°E," = 2hy,; E,® = hy, + hy 4)
SEee(f) = Vbb; tEee(f) = Ybe 6bc (5)
a
SEee(fc) =2 (2yip — Oip) (6)
&
a
B =" [2(ip + 7id) — (O + 0i0)] (7)
&
E(f) — El(f) + Eee(fc) (8)
iy = (ii/jj) and 6y = (ij/ji) 9)
where

kD = [ [ OUr)p @y @)dv,dv,  (10)

The meaning of the different terms is as follows: E©
describes the electronic energy contributions in the one-
determinant approximation of the doubly occupied orbitals
from 1 to a (referred to as “core”, hence the superscript (c)).
This expression is common to the singlet and triplet electronic
energies. The terms E1®, Ee(, and E. are different for the
singlets and triplets, and they are denoted by superscripts s
and t, respectively. The superscript (f) refers to the “frontier”
electrons, i.e., the two electrons in the highest molecular
orbitals, W, in the singlet state and W, and W, in the triplet
state. E;( gives the contribution from the kinetic energy and

(21) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A,; Elbert, S. T;
Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K.
A.; Su, S. J.; Windus, T. L.; Dupuis, M.; Montgomery, J. A. J. Comput.
Chem. 1993, 14, 1347.
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Table 1. Optimized Geometries? of CH, and SiH,
at the CASSCF Level?c

parameter 1A 3B,
CH> rd 1.126 (1.115) 1.090 (1.083)
6e 101.06 (101.42) 131.32 (133.06)
SiH, rd 1.539 (1.515) 1.498 (1.477)
0° 94.25 (92.52) 117.97 (118.49)

a Distances in A, angles in deg. P At MCSCF, see text for a
definition of the basis set and the CASSCF procedure. ¢ The values
in parentheses are optimized at CCSD/6-311++G(d,f). 4 r = r(M—
H).¢6 = OH-M—H.

Table 2. Energy Data (Hartrees) at the CASSCF
Level for CH, and SiH;

state  nuclear (En)  electronic (Ee)

total (Etot)

CH: 1A, 5.94259 —44.89715 —38.95455
3B, 6.08671 —45.05837 —38.97166
SiH> A, 9.86371 —299.94154 —290.07783
3B, 10.09775 —300.14654 —290.04880

nuclear attraction of the two electrons in the highest molecular
orbitals. Ee.® is the two-electron repulsion contribution (hence
the subscript (ee)) between the two “frontier” electrons (both
in Wy, in the singlet and in W, and W, in the triplet), and Ee.(™
gives the electron repulsion contribution between the electrons
found in the two highest orbitals (W, and W) and between
those in all other doubly occupied orbitals (Wi, i =1, ..., a). In
eqs 3—7, hj; is the diagonal matrix element of the one-electron
Hamiltonian (kinetic energy and nuclear attraction) over the
molecular orbitals i; the terms y;; and d;; are defined in eqs 9
and 10.

The wave functions for the'A; and ®B; states of methylene
and silylene were decomposed into the energy terms described
by egs 1—7 above. The 3B; state of these species is reasonably
well characterized by a single configuration, (core)la;?1b,?2a;*-
1b;* (only the valence ns and np electrons of C (n = 2) and Si
(n = 3), along with the 1s electrons of H, are shown). A
complete description of the *A; state of both species required
two configurations: the dominant one, (core)la;21b,%2a;%, and
a less important configuration, (core)1a;?1b,?1b;2. The energy
decomposition was performed for the single configuration in
the 2B; wave function and for both configurations for the *A;
wave functions. Cross-products between the two singlet con-
figurations were not evaluated. For the 'A; state, we have used
only the contribution of the dominant (core)la;?1b,?2a;? con-
figuration in the calculation of singlet—triplet energy differ-
ences of the various energy decomposition components. The
integrals in the atomic basis set were transformed over the
appropriate set of CASSCF natural orbitals at the optimized
CASSCF geometry.

Results and Discussion

The calculated optimized geometries of the singlet and
triplet states of SiH, and CHy are given in Table 1. The
results of the CASSCF energy calculations are shown
in Table 2, decomposition into the various energy terms
is given in Table 3, and the singlet—triplet energy
differences (AEst) are summarized in Table 4.

The singlet—triplet energy differences are calculated
to be —10.8 and 18.2 kcal/mol for CH, and SiH,,
respectively. These values compare favorably both to
previously calculated values (at similar levels of theory)
of —8.7 to —9.0° and 20—21.07afk kcal/mol, respectively,
and to the experimental values.>6

Let us proceed now to discuss the contribution of each
of the above-mentioned energy components, i.e., Enyc ,
Ee, EO, EM = E10 + Ee™), and Ee, to the total
energies of the singlet and triplet states of the MH,
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Table 3. Energy Decomposition Data (Hartrees)
for the 'A; and 3B; States of CH, and SiH,

state coeff2 configP EO© E® Eee®

CH, A; 0.9661 la;21b,?2a;? —43.33338 —2.11872 0.61857
—0.1808 l1a;21b,?1b,? —43.33338 —1.68930 0.62667

SBs 0.9865 l1a;?1b,?2a;1b; —43.68699 —1.79406 0.46246

SiH, 1A 0.9638 la;?1b,?2a,> —298.7430 —1.56776 0.42189
—0.1886 la;?1b,?1b,>?  —298.7430 —1.18261 0.43418

3B, 0.9865 la;?1b,?2a;1b; —299.1123 —1.29651 0.29372

a Expansion coefficient in the CASSCF wave function.  Only
the valence electrons (C: 2s%2p?; Si: 3s23p?, H: 1s) are shown.

(M = C, Si) molecules and to their singlet—triplet energy
differences. The singlet—triplet energy differences (AEst)
of the total energy and of each of these decomposition
terms (listed in Table 4) are depicted schematically in
Figure 3.

A. Nuclear Repulsion Energy (Enuc). This compo-
nent of the total energy is always more positive (i.e.,
more destabilizing) for the species having a triplet
multiplicity. Thus, the nuclear repulsion energy term
favors the singlet state for both CH, and SiH; (Table 4
and Figure 3). This trend is caused by the fact that the
M—H bonds are shorter in the triplet states than in the
corresponding singlet states; that is, r(H—C) = 1.126
vs 1.090 A, r(H—Si) = 1.539 vs 1.498 A in the singlets
and triplets, respectively. The wider H—-M—H bond
angles in the triplets than in the singlets (i.e., H—C—H
= 131.32° vs 101.06°, H—=Si—H = 117.97° vs 94.25°,
respectively) decrease the hydrogen—hydrogen nuclear
repulsion in the triplets, but this effect is apparently
much smaller than the increase of the M—H repulsion
caused by the shortening of this bond.'®

The difference in the nuclear repulsion energies
(AEnuc) between the singlets and the triplets favoring
the singlets is larger for SiH, than for CHy, i.e., 146.9
and 90.4 kcal/mol, respectively, consistent with the fact
that the change in the M—H bond length between the
singlet to the triplet is larger in SiH,. The larger positive
value of AE,. for SiH; than for CH; indicates that for
this component of the total energy the singlet state for
SiH, is more favored than for CH,, by ca. 56 kcal/mol.

B. Electronic Energy (Ee). We will first discuss the
contribution of the total electronic energy E¢ and then
the contribution of each of its corresponding compo-
nents, EO®, E® and E.®. EO is the contribution to the
total electronic energy (kinetic energy + nuclear—
electron attraction energy + electron—electron repulsion
energy) of all electrons except the two highest in energy
(the “core” electrons). This expression is the same for
the singlet and the triplet electronic energies. E® and
E.." are energy terms that are both associated with the
two highest energy electrons (the “frontier” electrons),
and they are therefore different for the singlets and for
the triplets. E® is the sum of the kinetic energy and
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Figure 3. Schematic drawing of the singlet—triplet energy
differences (kcal/mol) for CH, and SiH,, calculated for each
of the energy decomposition terms: Ey, Eq, E©, E®, and
Eee. AEtoral is the singlet—triplet energy gap and AE, =
AEta — AEny, both calculated using the full CASSCF
wave function.?2 All other energy terms were calculated
using the dominant configuration of the singlet and triplet
CASSCF wave functions; AE;i? = AE® + AEg®D.

electron—nuclear attraction energy of the two frontier
electrons (E;®), plus the repulsion energy between these
electrons and all other electrons (i.e., the “core” elec-
trons, Ee(™); Ee® measures the electronic repulsion
between the two frontier electrons.

Table 2 and Figure 3 show that the total electronic
energy, Eg, of the MH; species is always more negative
(i.e., more stabilizing) for the species with triplet
multiplicity. Thus, in contrast to the nuclear repulsion
energy which favors the singlet states, the electronic
energy favors the triplet species. This trend can again
be attributed to the shorter M—H bonds in the triplets
than in the singlets and to the fact that the repulsion
between the two electrons that occupy the same orbital
in the singlet is relieved in the triplet (see also below).

Table 4. Singlet—Triplet Energy Differences (AE, kcal/mol)2 for the Individual Energy
Decomposition TermsP

AEtotal AEnuc AEg © AE®O AE® AEM AE"d AEg(dec) ©
SiH> 18.2 146.9 —128.6 —231.8 170.2 —80.4 89.8 —142.0
CH: —10.8 90.4 —101.2 —221.9 203.7 —98.0 105.7 —116.2
AAE(SiH,—CHy)f 29.0 56.5 —27.4 -9.9 —33.5 17.6 —-15.9 —25.8

a A negative value indicates that the singlet is less stable than the triplet. ® The energy differences of the decomposition terms, AE®©,
AE®, AEe®, AE:", and AEg (dec), were calculated using only the dominant configuration of the CASSCF wave function. ¢ AEe = AEqotal
— AEny, calculated using the full CASSCF wave function, see ref 22. 9 AEi? = AE® + AEe(0. © AE¢(dec) is the sum of the electronic
decomposition terms AE® + AE(), see ref 22. f A positive sign indicates that the silylene favors the singlet state more than CH,.
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Why Is Methylene a Ground State Triplet?

The singlet—triplet electronic energy difference AEg
ismore negative for SiH, than for CH, (—129 and —101
kcal/mol, respectively??), indicating that Eg favors the
triplet for SiH, more than for CHo.

Let us now discuss the individual decomposition
terms.

E© has a large absolute value compared to E® and
Ee.(D (Table 3), because it includes interactions involving
more electrons. However the differences in the E© term
between the singlets and triplets, AE©, in CH; and SiH,
are quite similar, —222 kcal/mol for CH, and —232 kcal/
mol for SiH, (Table 4 and Figure 3), favoring the silylene
triplet over the methylene triplet by 10 kcal/mol.

E® favors the singlets for both species, but the
difference is greater for CH, than for SiH, by about 33
kcal/mol (Table 4 and Figure 3).

Of the electronic energy terms, the most easily
interpreted is Ee(, describing the repulsion between
the two frontier electrons. This term behaves as ex-
pected from simple qualitative arguments based on
Hund's rule. Thus Eg( is larger in the singlets where
both electrons reside in the same orbital than in the
triplet configuration where they occupy different orbit-
als. The preference for the triplet state becomes smaller
on moving down the periodic table, because, for example,
in Si the two electrons are placed in more diffuse
orbitals than in C, and in the singlet state the repulsion
between the two electrons is therefore smaller than for
C_16b

The results of our energy decomposition calculations
show that several common assumptions concerning
chemical bonding are not fully justified. First, the
ground state multiplicities of CH, and SiH, are not
explained by changes associated with the frontier
electrons alone. Actually, the sum of all energy terms
involving the frontier electrons, AE", acts in the
direction opposite to experiment, favoring the singlet
state of CH; over the singlet state of SiH, by 16 kcal/
mol. Nor can the multiplicity of CH, and SiH, be
understood from the changes of the energies of all
electrons, frontier and “core” together. Thus, the total
electronic energies, AEg, operate counter to experiment
by yet a larger amount than AE( , favoring the triplet
state of SiH; over the triplet of CH; by 27 kcal/mol. To
understand the triplet and singlet preference of CH, and
SiH,, the differences in the nuclear repulsion energies—
ignored in most qualitative treatments of bonding—must
also be taken into account.1823

(22) These values correspond to AE¢; = AEtstal — AEny and were
calculated using the full CASSCF wave function. Note, that AEg(dec)
calculated from the sum of the electronic decomposition components,
i.e., AEO + AE(®,,, are somewhat different, i.e., —142 and —116 kcal/
mol for SiH, and CHy, respectively, underestimating the stability of
the singlet states of SiH, and CH, by a similar amount of 13 and 15
kcal/mol, respectively. This relative destabilization in the decomposi-
tion type calculations of the singlet species may result from the fact
that in the calculation of the singlets we have included only the
dominant (core)la;?1b,%2a,? configuration and have neglected the
contributions of the minor configurations and of the cross terms that
contribute to the ClI stabilization. In contrast, the decomposition terms
of the triplet B, states are well characterized by a single configuration,
and therefore the corresponding decomposition terms are calculated
accurately. Note, however, that AAE(dec)(SiH,—CH,) = —26 kcal/mol
and AAEta(dec)(SiH,—CH,) = 31 kcal/mol, calculated from the
decomposition terms, are very similar to those calculated using the
full CASSCF wave function, from AEa and AEe = AEta — AEnyc,
i.e., =28 and 29 kcal/mol, respectively (Table 4, Figure 3), making our
analysis valid despite the differences in the individual values of
AEtai(dec) and AEg(dec) vs AEita and AEg, respectively.
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Now let us proceed to analyze how the energy terms
that have been computed contribute to the difference
between the ground state multiplicities of SiH, and CH;
(AAEsT). In doing this, it is important to realize that
the 29 kcal/mol energy difference that makes their
properties so diverse represents a small difference
between very large numbers. As a result, several
different interpretations are possible, depending on
which terms are emphasized.

First, the singlet—triplet energy difference caused by
the nuclear repulsion energy, AEn,, favoring the singlet
states can be compared with the total eletronic energy,
AEg, which favors the triplet states. The balance
between these two terms determines whether the
ground state is a singlet or a triplet. For CHj, AE is
larger (and of opposite sign) than AEn,, leading to a
triplet ground state. For SiH, the absolute value of
AEn is larger than AEg, and consequently the ground
state for this species is a singlet (Table 4, Figure 3).24

Let us consider now the effects on the multiplicity of
the terms that contribute to AEg, the quantity that the
various qualitative arguments, such as those presented
in the Introduction, attempt to analyze. First we sepa-
rate AEg into two terms: AE©, traced to the contribu-
tion of the “core” electrons, and AE", which describes
the total contribution of the two frontier electrons. The
contribution of the “core” electrons is generally ignored
in qualitative electronic arguments because common
chemical intuition argues that the contribution of the
“core” electrons on AEst should be zero or tiny. Surpris-
ingly we find that the “core” electrons contribute quite
significantly (AAE©(SiH,—CH,) = —10 kcal/mol), al-
though their effect is smaller than that of the frontier
electrons (AAE)(SiH,—CH;) = —16 kcal/mol). More-
over, as pointed out above, both terms act so as to favor
a triplet state for the silylene over a triplet state for
the carbene, contrary to the trend in the total singlet—
triplet energy difference, AEt, and in the corresponding
AAEsT.

What is the role of the frontier electrons, which are
the only ones that were considered in previous discus-
sions (see Introduction)? To analyze this, we factor out
the electron—electron repulsion between these two
electrons. The remaining part is AE®, which is positive
for both CH, and SiH,, but it is larger for CH, by 33
kcal/mol, favoring a singlet state for CH;, over SiH;
(Table 4, Figure 3). Thus, also the AE® term acts in
contradiction to the trend of the ground state multiplici-
ties of these species.

The only electronic term that acts in the right direc-
tion, i.e., favors the singlet state of SiH, over that of
CH,, is AEe™. This term favors the triplet state over

(23) It is generally assumed that small changes in the nuclear
positions will be reflected in the electronic energy in such a way that
one can neglect the changes in the nuclear energy and analyze only
the changes in the electronic energy.

(24) The effect of the change in the geometry on going from the
triplet to the singlet cannot explain the multiplicity difference. Thus,
similar results are obtained even if the geometries of the species are
kept unchanged on changing the multiplicity (i.e., a vertical transition).
Thus, when calculating the triplet using the optimized geometry of
the singlet, AEst is 25 and —0.4 kcal/mol for SiH, and CH,, respec-
tively, and when the singlets are kept in the triplet geometries, AEst
are 9.9 and —22.6 kcal/mol for SiH, and CH,, respectively. Thus AAEst
values for the “frozen” geometries, of 25.4 and 32.5 kcal/mol, respec-
tively, remain nearly the same as AAEst of 29 kcal/mol obtained for
the fully optimized species.
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the singlet state by 98 kcal/mol for CH, but by only 80
kcal/mol for SiH». Thus of the total difference of 31 kcal/
mol (calculated from the sum of AAE(SiH,—CHy) of the
decomposition terms??), 18 kcal/mol could be attributed
to this term. The remaining 13 kcal/mol could then be
traced to the sum of AEn,,, AE©, and AE® (see Figure
3)_25

Conclusion

Energy decomposition of the CASSCF computations
for CH; and SiH; shows that many factors are involved
in determining their multiplicity. One of the major
surprises of this study is that the total electronic
energies run counter to experiment (or to the total
calculated energies) and that nuclear repulsion energies—
ignored in most qualitative treatments—must be taken
into account in order to understand the different mul-
tiplicities of CH, and SiH,. However, of the 3122 kcal/
mol energy difference in the singlet—triplet splitting
between these species, which we wish to understand,
about 60% may be attributed to the difference in
electron—electron repulsion between the two frontier
electrons. This term is relaxed on going from the singlet
state, where the electrons occupy the same orbital, to
the triplet, where each electron occupies a separate
orbital, and as expected from qualitative considerations,
this relaxation is greater for CH, than for SiH..

The remaining 40% of the energy difference could be
assigned mainly to a complex balance of the terms which
express attraction to the nucleus of the two frontier
electrons, their kinetic energy, and the repulsion of
these electrons from all other electrons as well as the
energy of the “core” electrons and the nuclear repulsion

(25) (a) Shaik and Galbraith found recently using valence bond
calculations that about 25% of the bond energies of transition metal
hydride cations originate in correlation with the core electrons: Shaik,
S.; Galbraith, J. J. Chem. Phys. 2000, 104, 1262.
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energy. This result is a very interesting new insight,
as it expresses the importance of new factors not
considered previously and it indicates their complex
nature. Furthermore, not all these terms are related to
the frontier electrons, which are the only electrons
referred to in qualitative discussions. All of these terms
may be associated (although in a complex way not
explored by us) with changes in the HOMO—-LUMO gap
and in s and p orbital occupancy, as described in the
Introduction.

In closing, the following philosophical comment might
be in order. The analysis above demonstrates again the
vast complexity of the chemical bond. Detailed analysis
of fundamental electronic terms can lead to important
insights, but it also makes our qualitative models more
nebulous and more difficult to apply. It seems that in
the near future chemists will still have to find a delicate
balance between using qualitative and incomplete mod-
els to guide their chemical intuition and their attempts
to carry out quantitative calculations of fundamental
bonding questions. Eventually, we can hope that quan-
titative considerations of the kind carried out in this
paper will lead to better models and a more detailed
understanding of the chemical bond.
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